A new MAS-NMR rotor (the WHiMS rotor) has been developed which can reach pressures of 400 bar at 20°C
1
H and 13 C NMR spectra.
Introduction
In the last several decades great efforts have been devoted to the development of high temperature/pressure nuclear magnetic resonance (NMR) for in situ and operando studies [1, 2] . Early efforts studying liquid and/or gas samples [3] have been achieved with Roe-style ceramic tubes (sapphire or zirconia) [4] , capillary tubes [5] , or polymer cells [6] . For solid or solid-containing samples, static mode was made possible by direct pressurization of the probehead or the sample cavity [7] , which can be pressurized to as high as 25,000 bar [8] . Adoption of sealed Magic Angle Spinning (MAS) NMR began with use of a glass insert filled with the solid sample and pre-adsorbed gas or liquid before being sealed and transferred into a MAS NMR rotor [9] . More recently, apparatuses have been used to introduce gas molecules to rotors for in situ studies [10, 11] . However, these MAS setups are incapable of introducing high pressure fluids or are intolerant of pressure build-up at higher temperature. Therefore, there is strong necessity to develop a sealed rotor design capable of handling elevated temperature/pressures and containing all phases of the analytes: a combination of solid, liquid and gas phase material. Simple o-ring seals on the rotor endcaps can provide a method of containing liquids and gases at near ambient pressure, and these products are offered by NMR instrumentation companies. Various lab-made designs have increased the pressure limits by trapping the o-ring beneath a screw; the internal threads that these screws engage are either in a bushing insert retained by adhesive in a commercial rotor, or integral to the ceramic of a custom machined monolith rotor [12] .
Here, we discuss a new design, the WHiMS rotor (taken from the initials of the patent applicants -Walter, Hoyt, Mehta and Sears), that uses a mating ridge and groove to retain a bushing with integral o-rings in a commercial rotor. The addition of gas is facilitated by a modification of the o-ring grooves in the bushing, which allows them to work as a one-way check valve. This design can contain pressures in excess of 400 bar (depending on temperature, spinning rate and rotor size) and temperatures exceeding 250°C [13] . Previous versions of this design have enabled operando spectra to be collected for growth of zeolite crystals or acid-catalyzed dehydration of cyclohexanol [14, 15] . The latest design has a higher pressure/temperature range, which opens up the possibility of obtaining MAS-NMR spectra for much more challenging systems [16, 17] . Our new results show the WHiMS-style MAS rotors are highly relevant for a wide range of temperature and pressure conditions, especially for operando studies of catalytic systems, with pressures possible to 200 bar at 250°C [18, 19] These recent advances in NMR have allowed for detailed structural and mechanistic information of multiphasic systems at elevated temperatures and pressures to be obtained [13, 19] . Previously, the use of solid-state NMR in these multiphase systems had been limited due to the inability to reach both high temperatures and pressures [20, 21] . We report findings using the new WHiMS style rotors in geochemistry and geoengineering looking at supercritical CO 2 intercalation and hydraulic fracturing fluid [16, 22] , biological systems probing the effects of sequestered CO 2 on microbial environments [23] , and catalytic systems examining biomass valorization [13, 17] .
Design of WHiMS MAS rotors
Several pressurized MAS rotor systems [19, 24] have been pioneered at PNNL, these were initially employed for geochemical [24] [25] [26] and biogeochemical [26] studies. Although these rotors were suitable for in situ MAS NMR examination of supercritical CO 2 containing systems, they required the use of a loading chamber that enabled mechanical opening and closing of the rotor valve under pressure, Scheme 1. The necessity of using a loading chamber resulted in time inefficiencies and an additional cost burden: a pressure vessel equipped with a mechanical feed-through is an expensive piece of custom equipment that requires increased consumption of gas (typically isotopically labeled) due to the dead volume. Furthermore, the high temperature adhesives used in the older rotors would degrade with steam or aggressive solvents abovẽ 130°C [19, 24] . Although these rotors were generally useful up to 200 bar of pressure at temperatures to 100°C, the temperature limitation imposed by the adhesive material prevented investigating many reactions of interest. A variation circumvented the use of adhesives by being constructed out of a ceramic monolith but had been limited to autogenic pressurization [12, 15] . It was utilized to monitor a cyclohexanol based catalysis reaction up to~150°C and~30 bar [20] . This design was similar to the early design, but other than the o-ring, is made entirely from ceramics. This rotor is ultimately limited in performance to that of the o-ring used as a seal, and in utility by the fact that gas cannot be added to the rotor; it relies on the increased vapor pressure of the solvent to build pressure.
WHiMS rotors are designed to allow operando studies of chemical reactions without compromising resolution or sensitivity. The rotors are a cavern style design, with one side permanently sealed by a ceramic end. To allow use on a wide range of equipment, standard rotor dimensions are used and the sealing device occupies the same space as a traditional end cap. Therefore, no hardware changes are required for use of these rotors on existing instruments. The standard rotor dimensions used also give the same sample space as standard NMR rotors (140 μL for 5 mm rotors and 400 μL for 7.5 mm style). This maximizes signal-to-noise as the sample space is not reduced by thicker rotor walls, extra ampoules, inserts, etc.
The WHiMS rotors are easily loaded with solid and liquid components and then sealed with a snap-in bushing and a hexagonal locking screw, Scheme 2. The bushing can slide in easily during insertion, due to the vertical slits in the bushing, and then locks into the machined groove in the sleeve. After snapping the bushing in place, a hexagonal locking screw is inserted to keep the bushing expanded and engaged with the machined groove. The ease of this process can be carried over into the glove box, where minimal tools are required to seal a sample in an air-free environment. After sealing, the rotor can be used as is or pressurized with gas without further exposing the sample to air.
Unlike previous designs [19, 28] , the WHiMS rotor uses a built-in one-way check valve for pressurization. The sealed rotor simply needs to be placed in a pressure vessel and exposed to the gas at the requisite pressure for the experiment. For experiments requiring an air-free environment, the rotor can be taken out of the glove box, placed in a pressure vessel and evacuated with a vacuum pump before pressurizing. Detailed control experiments probing the effect of the added gas can also be carried out using the WHiMS rotor design. This can be done by sealing the sample and initially running the experiment without the addition of gas, then upon completion of the experiment pressurizing the sample and running the experiment once more, all without the need to reopen the rotor. Furthermore, experiments requiring the presence of two or more gases (or a supercritical solvent and additional gas) can be carried out by sequential pressurizations.
The rotors have been bench-tested with N 2 gas at room temperature and shown to hold a pressure of 400 bar (6000 psi) for the 5 mm rotor size or 275 bar (4000 psi) for the 7.5 mm rotor. The rotors can use pressurization chamber of any style, with the simplest being a length of 3/8″ or 1/2″ tubing cut to the length of a rotor for a 5 mm or 7.5 mm rotor, respectively. The length of tubing can then be fitted with a cap on one end and reducer or union on the other, then attached to the regulator of a gas cylinder, which minimizes the dead volume of the system. Depressurization of the rotor is also made simple by inclusion of a pin hole in the bushing; simply loosening the hexagonal locking screw will allow for the safe release of pressure.
(a) (b) (c) Scheme 1. The high-pressure PMAS rotor [27] and the rotor loading/reaction chamber. (a) Cross section of the assembled HP-MAS-R with the internal match/fit of the various components; (b) dissection view of the rotation mechanism for sealing the high-pressure rotor (top plate of the chamber); and the mechanism for tightly holding the rotor (bottom plate of the chamber); (c) a highlight of the mechanism used for in situ closing and opening the valve inside the high-pressure MAS rotor.
Case study of dynamic processes in material research
The interface of materials with liquids and/or gases involves dynamic processes, which is crucial in the studies of geological processes, catalytic chemical production, etc. Such heterogeneous systems with dynamic processes have been poorly understood due to the difficulties of reaching high pressure and/or high temperature with non-perturbing tools. The WHiMS rotors are particularly applicable in these dynamic systems by offering a non-destructive measure for thermal or pressureresponsive processes. Table 1 is a list of broad-spectrum applications recently investigated by WHiMS rotors, with a wide range of temperature/pressure and a wide selection of unreactive and reactive liquids/gases.
Monitoring phase transition
The supercritical point of 2-PrOH is 235.3°C and 47 bar. In the 13 C NMR spectra, Fig. 1 , the WHiMS rotor was loaded with 2-PrOH without pressurization from other gases; two new signals appeared at lower frequency relative to the methyl and methine resonances at temperatures above 150°C. The appearance was fully reversible with these new peaks receding readily when the rotor is cooled. Therefore, the new signals were assigned to vapor-phase 2-PrOH. The intensity of the vapor phase peaks increased at higher temperature, while the intensities of the liquid-phase 2-PrOH signals decreased. At 240°C, the vapor and liquid signals merged for both methyl (23.8 ppm) and methine (63.5 ppm) groups, consistent with the successful accomplishment of the supercritical state. In addition to supercritical 2-PrOH, the use of supercritical CO 2 as a solvent (shown below), as well as supercritical methane [29] and methanol have been identified in the WHiMS rotors. Rotor is shown rotated 90°from E′. Check valve cuts are placed 180°apart for balance resulting two paths for incoming gas (gray arrows). F. Pressurized rotor ready for NMR experiment with a three-phase reaction mixture, solid (black), liquid (blue) and gas (gray). F′. Close-up of check valve holding pressure with O-rings forced against unmodified side of the O-ring grooves by the internal pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Reprinted with permission [13] . Copyright 2018, American Chemical Society. 
Geochemistry and geoengineering
Initially, the MAS rotor systems were employed for geochemical [24] [25] [26] [30] [31] [32] [33] [34] and biogeochemical [23] studies. The use of in situ high temperature and pressure NMR rotors allowed for the examination of gel formation from hydraulic fracturing fluids under realistic pressures and temperatures. The rotors in this experiment were charged with an aqueous polyallylamine fracturing fluid (PAA) and supercritical CO 2 (scCO 2 ) in order to probe the speciation of CO 2 at varying temperatures. The single peak in Fig. 2a (99°C) corresponds to the carbamate/carbamic acid species which decreases in intensity as a function of temperature. Upon reaching 154°C Fig. 2c this signal transitions into two peaks at 158 and 162 ppm corresponding to PAA bicarbonate and crosslinked urea, respectively. The use of NMR in this study allowed for the speciation of the CO 2 species and viscosity determination. This system can undergo reversible volume expansions and the efficiency of this system is higher than conventional fracturing fluids [16] .
A previous study looking at clay minerals (smectites) using in situ high-temperature and -pressure 13 C and 23 Na NMR, data showed that scCO 2 can effectively interact with the clay surfaces directly and also increase the site-hopping behavior of Na + with or without organic matter present. The presence of humic acids, the organic matter, resulted in a stronger CO 2 -surface interaction and that the CO 2 did not reacted to form an inorganic C-bearing species. This work helped demonstrate that the PMAS rotor system could be useful in understanding the fundamental binding, dynamics, and reactivity in these mineralorgano-H 2 O-CO 2 systems [26] . Advances in the in situ rotors-particularly the implementation of a one-way check valve-allowed for pressurization without a specialized loading chamber. In the previous design, the rotor was placed in the loading chamber, pressurized, allowed to equilibrate, and then sealed. This procedure allowed any volatiles inside the rotor to exit during the equilibration step, preventing exact volatile-substrate ratios from being known. The one-way valve prevented drying of the sample by the supercritical fluid during the pressurization process. Bowers et al. compared the new rotor with the one-way check valve to the older "twoway" rotor in their paper looking at the role of cation in interactions of scCO 2 with clays at variable hydration, Fig. 3 [22] . The authors demonstrated that the properties of the charge-balancing cation can greatly change the CO 2 intercalation behavior. For instance, CO 2 intercalation was shown to be greater in clays containing cations of larger ionic radius and a smaller hydration energy, such as Cs-hectorite, compared with clays containing cations of high hydration energies and small ionic radii, e.g., Na-and Ca-hectorite [22, 34, 35] .
The authors complemented NMR experiments on Ca-and Cs-hectorite clays in the presence (red) and absence (black) of 90 bar scCO 2
Fig. 2.
13 C MAS-NMR spectra of 1 wt% PAA solution exposed to 10% 13 C-labeled scCO 2 (A) at a temperature of 99°C and a pressure of 103 bar, (B) at 127°C and 121 bar, and (C) at 154°C and 138 bar using a sample spinning rate of 1.0 kHz. These spectra were acquired with 1 H high power decoupling using a total of A) 120 scans, B) 120 scans, and C) 1000 scans respectively, with a recycle delay time of 5 s. The 13 C chemical shifts were referenced using an external reference, adamantane (37.85 ppm). Reprinted with permission [16] . Copyright 2015, The Royal Society of Chemistry. with results from high pressure in situ x-ray diffraction (XRD), Fig. 4 and high pressure infrared spectroscopy (IR, data not shown). XRD tracks the spacing between the hectorite layers, while IR spectroscopy follows the amounts of H 2 O and CO 2 sorbed to the clay. Increase in the interlayer spacing due to incorporation of CO 2 and/or H 2 O is depicted by a decrease in the°2 Theta values from the basal reflection in X-ray diffraction data. Introduction of scCO 2 to the Cs-hectorite at 0% relative humidity leads to a significant expansion, indicative of CO 2 incorporation into the interlayer galleries, yet the basal spacing remains changes little with increasing levels of hydration. IR spectra show that CO 2 concentrations are at a maximum when the Cs-clay is fully dehydrated, but decrease with increasing relative humidity. These combined results indicate that H 2 O outcompetes CO 2 for interlayer residency, while the basal layer spacing remains virtually unchanged. In contrast, the initially sub-1W Ca-hectorite shows less expansion upon the introduction of anhydrous CO 2 , but the basal spacing increases with increasing relative humidity due to H 2 O intercalation. Yet, similar to the Cs-clay, CO 2 concentrations are highest when the Ca-hectorite contains the least amount of interlayer H 2 O, but decrease with increasing relative humidity and sorbed H 2 O concentrations. These efforts demonstrate that by integrating results from not only in situ NMR but also IR and XRD, the authors provide a more complete description of the molecular-scale interactions between supercritical CO 2 and hectorite [22] . The effects of geological CO 2 sequestration on the microbial community were studied by Wilkins et al. [23] As previous reports have found active populations of sulfate-reducing bacteria (SRB) upon CO 2 injection [36] , the model SRB (Desulfovibrio vulgaris) was used in this in situ NMR study to probe the metabolism of the bacteria at variable CO 2 pressures. The authors loaded the high-pressure NMR rotor with 13 Clabeled lactate and a washed cell suspension. After charging with 1 to 80 bar CO 2 , the spectra were collected at 37°C. At pressures of 1 and 5 bar CO 2 conversion of lactate to acetate was observed, Fig. 5 . However, increasing the pressure to 10 bar or higher resulted in decreased conversion of the lactate and an increase in the fraction of dead cells. A complementary study carried out using 25 bar of N 2 showed no negative affect on the metabolism of lactate, indicating the decreased conversion at high pressures of CO 2 was not due to a pressure effect but likely the toxic effects of high CO 2 concentrations on the membrane integrity of the model SRB.
Operando heterogeneous catalysis
The WHiMS rotors allow the mixing of solids, such as catalytically active materials, with gases and liquids under MAS conditions. Thus, high-resolution NMR spectra can be acquired during the course of the reaction, which allows for the simultaneous detection of the reactants, products, intermediates, side-products, and solvents, with the potential to discriminate the phase or mobility of each species. Catalytic biomass conversion has been particularly challenging, typically requiring solid catalysts, solvents, and recalcitrant substrates. We have used the WHiMS rotors to carry out investigations on carbohydrates and lignin [13, 17] , the major components of biomass. In many cases, an isotopically labeled species was used in the reactant or solvent to enhance the desired signals and suppress the unwanted ones, minimizing acquisition time.
The glucose isomerization reaction can be catalyzed by solid base, such as NaX zeolite. Traditional methods can only provide information on the filtered reaction solution, but the reaction mostly occurs in the micropores of zeolite. We have mixed NaX zeolite in a 5 mm or 7.5 mm WHiMS rotor with glucose-1- 13 C dissolved in aqueous solution of γ-valerolactone (GVL) (46 mol%), Fig. 6 . The adsorption of glucose in the zeolite can be significantly improved by a GVL-water binary solvent without limitation of mass transfer in the catalytic reaction. At 25°C, four resonances of glucose C1 can be detected. The two sharp signals can be assigned to the glucopyranose tautomers in the bulk solution and the two broad signals correspond to the adsorbed species inside the zeolite pores. The deconvolution of the quantitative 13 C NMR spectrum agrees with traditional adsorption studies, showing 65% of glucose (middle right) expected for example in fully hydrated Ca 2+ (yellow)-saturated smectite, either CO 2 is absent, or it must be experiencing dynamics which on average has the same mean orientation and dynamically averaged line shape as in 1WL-type interlayers. On external surfaces (top panel) the orientation of the molecular rotation axis of the CO 2 can wobble and perhaps adopt a mean value that is not parallel to the basal clay surface while still undergoing rapid rotation about an axis perpendicular to the molecular long axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Adapted with permission [22] . Copyright 2017, American Chemical Society.
A. Chamas et al. Magnetic Resonance Imaging 56 (2019) [37] [38] [39] [40] [41] [42] [43] [44] being adsorbed. Upon temperature elevation to 120°C, the signals of the adsorbed glucose sharpen as the mobility of the molecules is enhanced at higher temperature. In addition, all four glucose resonances start to decrease in intensity, due to the isomerization to fructose. The ratios among the adsorbed and mobile species stay unchanged during the course of the reaction, indicating the diffusion of glucose in-and-out of the zeolite is unlimited. Curve-fitting of the concentration profiles of glucose and [37] [38] [39] [40] [41] [42] [43] [44] fructose reveals that both the isomerization and the further deactivation of glucose and fructose follow pseudo-first-order kinetics. The rate constant of the isomerization coincides well with the value obtained from a plug-flow reactor. Unlike the isomerization of carbohydrates, the reductive disassembly of lignin usually demands high-pressure H 2 and a metal-based catalyst. To study the reaction mechanism and kinetics in lignin conversion, we investigated the hydrogenolysis of benzylphenylether (BPE) as a lignin α-O-4 model compound, with the rotor pressurized to upwards of 120 bar H 2 . The BPE was 13 C labeled in both methylene and phenolate positions, Scheme 3, to keep track of changes to both products after cleavage of the ether linkage. Operando NMR spectra were recorded during the catalytic hydrogenolysis of 13 C-labeled BPE at variable temperature, Fig. 7 . The rotor was held at each temperature for 0.5 h before further heating to the next temperature setpoint, Fig. 7 . After reaching 225°C, the reaction was held at this temperature for 14 h. During the course of the nonisothermal portion of the experiment, the BPE signals gradually disappeared with the concurrent formation of those for toluene and phenol. Such transition is observed more readily in the 13 
Conclusion
Recent advances in high temperature/pressure MAS rotor design, namely the WHiMS rotor, have allowed for a variety of in situ and operando studies on mixed phase systems. This includes not only solids, liquids and gases, but also supercritical fluids such as carbon dioxide, methane, isopropanol, and methanol, with simultaneous observation of these multiple phases being possible. Due to the one-way check valve in the WHiMS rotors, air-sensitive samples can be easily sealed in a glove box, allowing for sequential additions of multiple gases to be accomplished, resulting in complex mixtures of gases in the rotor without previous external mixing. This affords the ability to examine control samples by NMR before final catalytic conditions are achieved, without reopening the sealed rotor in operando NMR experiments. The range of conditions have been expanded to include temperatures as high as 325°C and pressures to 400 bar, with a combined 200°C/200 bar now a routine experiment. This capability has enabled the study of systems spanning geochemistry, catalysis, materials and microbiology, with new applications continually being added. H MAS NMR spectra of BPE hydrogenolysis carried out in 2-PrOH. The WHiMS rotor was charged with 13 C-labeled BPE, Ni/γ-Al 2 O 3 (2 wt% Ni), and solvent 2-PrOH, pressurized with 121 bar H 2 . In the 13 C spectra, all species are present as a pair of peaks, with the vapor phase at lower frequency than the liquid phase. The red and blue labels are defined in Scheme 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Adapted with permission [13] . Copyright 2018, American Chemical Society.
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